oxytocin (OT) facilitates social behaviors including the partner preferences that characterize the monogamous social system of prairie voles. In contrast peripherally administered OT generally has been ineffective in influencing central processes including behavior. OT from the posterior pituitary gland is released in pulses into the peripheral circulation. We hypothesized that peripherally administered OT, if delivered in repeated injections mimicking these pulses, would influence behavior. Male and female prairie voles received three subcutaneous injections of OT, a single injection of OT, or isotonic saline. Animals then were placed with an adult member of the opposite sex, designated as a "partner," for a 1-h period of cohabitation, and subsequently tested for preference for the familiar partner versus a comparable stranger. Females treated with pulses of peripheral OT (1, 5, or 20 g) displayed a significant preference for the partner compared to control females, while females receiving a lower dose of OT (0.1 g) or a single injection (20 g) did not. There was also a significant within-group effect as pulsed OT-treated females spent more time with the partner when compared to the stranger, while control females spent equal amounts of time with the partner and stranger. Peripheral pulses of OT were no longer effective in inducing partner preferences when females were pretreated with a selective OT receptor antagonist, administered either peripherally or centrally. In contrast to females, peripheral treatment with OT did not facilitate the formation of partner preferences in males.
Oxytocin (OT) is a neuropeptide that acts systemically as a hormone and within the central nervous system (CNS) as a neurotransmitter/neuromodulator. Classically, OT has been studied as a reproductive hormone which, through the stimulation of smooth muscle in the uterus, cervix, and breast, regulates birth and lactation. More recently OT has been implicated in a variety of centrally regulated processes including social and reproductive behaviors (reviewed in Carter, 1992; Carter, Lederhendler, and Kirkpatrick, 1997; Witt, 1997) . For example, in rats centrally administered OT stimulates female sexual behavior (Caldwell, Prange, and Pedersen, 1986) , male sexual behavior (Hughes, Everitt, Lightman, and Todd, 1987) , and maternal behavior (Pedersen and Prange, 1979) .
The peripheral and central effects of OT may not act on the same systems as only minute quantities pass through the blood-brain barrier (Mens, Witter, and van Wimersma Greidanus, 1983; Ermisch, Rü hle, Landgraf, and Hess, 1985; Kendrick, Keverne, Baldwin, and Sharman, 1986; Engelmann, Wotjak, Neumann, Ludwig, and Landgraf, 1996) . Despite this apparent separation there is increasing evidence that either subcutaneous or intraperitoneal administration of OT can trigger many of the same responses that occur following the release of, or administration of, OT within the CNS (Arletti, Benelli, and Bertolini, 1992; Caldwell, Walker, O'Rourke, Faggin, Morris, and Mason, 1996; McCarthy, Kow, and Pfaff, 1992; Liberzon, Trujillo, Akil, and Young, 1997; Petersson, Alster, Lundeberg, and Uvnäs-Moberg, 1996) . The mechanisms through which peripheral injections act are not well studied. It has been suggested that systemic effects of OT may be regulated by afferent feedback from peripheral tissues that are sensitive to OT. For example, peripheral injections of OT were capable of facilitating sexual receptivity in female rats, and these effects of OT were no longer observed after removal of the uterus and cervix or severing of associated sensory neurons (Moody, Steinman, Komisaruk, and Adler, 1994) .
The nature and frequency of spontaneous pulses of OT vary according to the species, sex, and reproductive condition of the individual, and can range from a minute apart to more than one hour (McCracken, Custer, Lamsa, and Robinson, 1995) . In addition, pulses of OT may be stimulated by or related to social interactions (Uvnäs-Moberg, 1997). The pulsatile nature of the release of OT may be an important aspect of its function (for review, see Leng and Brown, 1997) . Indeed, while not necessarily designed to mimic pulses, in most of the studies that report an effect of peripheral OT the peptide was administered either in repeated doses within the same day or over several days (Evans, Robinson, and Catt, 1989; Liberzon et al., 1997; Petersson et al., 1996) . Further, OT administered in pulses during childbirth is more effective, at much lower doses, than chronically administered OT (Dawood, 1995) .
OT seems to play a particularly important role in the social behaviors of monogamous mammals, including prairie voles (Microtus ochrogaster) (Carter, DeVries, and Getz, 1995; Carter, DeVries, Taymans, Roberts, Williams, and Getz, 1997) . In prairie voles centrally administered OT is capable of facilitating both social contact and the formation of selective partner preferences, which are essential to pair bonding (Williams, Insel, Harbaugh, and Carter, 1994; Insel and Hulihan, 1995; Cho, DeVries, Williams, and Carter, 1999) . Earlier attempts to influence the formation of partner preferences or other aspects of social behavior with peripheral applications of OT were unsuccessful. However, these studies used single treatments (Witt, Carter, and Walton, 1990) or chronic applications of OT (Williams et al., 1994) . In a recent study of the role of OT in sexual behavior in female prairie voles, we discovered that repeated, but not single, peripheral applications of OT were capable of increasing estrogen sensitivity (Cushing and Carter, 1999) . In the present study we examine the hypothesis that systemic OT, when administered as repeated injections, will facilitate social behavior and the development of partner preferences in prairie voles.
Two experiments were conducted to test our hypothesis. Experiment 1 was designed to study the effects of varying peripheral doses, given as three repeated injections or a single injection, on the formation of partner preferences in males and females. Experiment 2 was designed to examine the capacity of a selective OT antagonist (OTA) to block the behavioral effects of peripheral OT.
MATERIAL AND METHODS

Subjects
Animals used in this study were laboratory reared having originated from wild stock trapped near Urbana, Illinois. Female and male prairie voles were weaned at 21 days of age and housed in same-sex sibling pairs until testing. Animals were maintained on a 14:10 light/dark cycle and provided high fiber rabbit chow and water ad libitum. Experimental subjects and stimulus animals were sexually naive and gonadally intact, and were tested between 60 and 120 days of age, weighing between 30 and 35 g.
Experiment 1
Experiment 1 was designed to study the effects of peripheral OT on social behavior and partner preferences.
Treatment
Females. Experimental females were randomly assigned to one of six treatment groups, n ϭ 8 per treatment. Females received either three subcutaneous injections of isotonic saline (50 l, vehicle control), 100 ng (0.1 g) OT, 1 g OT, 5 g OT, 20 g OT, or a single subcutaneous injection of 20 g OT given 1 h prior to cohabitation (1100 h). Injections were given 2 h apart starting at 0700 h. In addition, to test whether the timing of the single injection affected partner preference another group of females received a single injection of 20 g OT 5 h prior to cohabitation (0700 h), along with a second saline control group (n ϭ 8 per group). One hour after the final injection females were placed with an adult male for a 1-h period of cohabitation; this male was designated as the familiar "partner." Following cohabitation the experimental animals were separated from their partners and tested for their social behaviors and preferences (described below).
Males. Experimental males were randomly assigned to one of three treatment groups, n ϭ 8 per treatment. Based upon preliminary results from females, males were treated only with dose levels that were effective in females. Males received three subcutaneous injections of either 5 g OT, 20 g OT, or saline control. As with females, males were placed with an adult female, designated as the familiar partner, for 1 h of cohabitation and then separated and tested as described below.
Tests of Social Preferences
Following the 1-h cohabitation period, animals were separated from their partners for approximately 15 min and then tested using a y-shaped test apparatus consisting of three polycarbonate rodent cages (20 ϫ 25 ϫ 45 cm). One of the stimulus cages contained the partner made familiar by cohabitation and the other contained an unfamiliar animal, "stranger" comparable to the partner in sex, age, weight, and social history. Cages containing stimulus animals were placed in parallel and both were separately connected to a third cage (neutral) by plastic tubes (15 cm in length and 7.5 cm in diameter) (Williams, Catania, and Carter, 1992) . The partner and the stranger were loosely tethered which restricted their movements to a single cage. At the beginning of the test, the experimental animal was placed in the third (neutral) cage, and was free to move throughout the apparatus. A test lasted 3 h (180 min). Social behaviors and preferences were recorded using time-lapse videotape, at a 12:1 ratio, which condensed a 3-h test into 15 min. Tapes were scored by trained, but experimentally blind, observers using the OBSERVER program (Noldus, The Netherlands). Observers were trained to at least 95% reliability prior to scoring data. Behaviors which were scored included time in each cage, time in physical contact with each stimulus animal, and any instances of aggression. Aggression was rare and is not reported here.
Statistics
An ANOVA was used to test for the overall effects of treatment on location of the test animal and time spent in physical contact with stimulus animals. Posthoc paired comparisons were made using Fisher's PLSD. Based upon previous results showing that centrally administered OT facilitates the formation of partner preferences (Williams et al., 1994; Cho, Dharmadnikari, Williams, and Carter, 1996; Cho et al., 1999) and our prediction that pulsatile peripheral OT would have the same effect post-hoc comparisons between the vehicle-and the OT-treated groups were made using a one-tailed test. Within-treatment analysis was done using a paired t test. All groups contained eight animals per group. Comparisons were considered statistically significant at P Ͻ 0.05.
RESULTS
There was no significant difference between the initial saline control group and the second saline control group, run in conjunction with the single injection 5 h prior to cohabitation, in either time spent in cage (mean Ϯ SEM, respectively) (55.9 Ϯ 13.2 vs 69.7 Ϯ 25.8 partner cage; 53.7 Ϯ 13.8 vs 51.8 Ϯ 15 stranger cage) or time spent in physical contact (19.2 Ϯ 8.9 vs 13 Ϯ 5.7 partner; 12.4 Ϯ 6.2 vs 12.5 Ϯ 6.3 stranger). Nor did the use of either saline group change the outcome of the analysis. Therefore, the single OT injection group, 5 h prior to cohabitation, was included in the analysis using the original saline control. Treatment with peripheral OT did not result in an overall effect on the amount of time spent in the cage of the familiar partner (ANOVA: F ϭ 2.05, df ϭ 6, P ϭ 0.07) nor time spent in the cage containing the stranger (ANOVA: F ϭ 1.97, df ϭ 6, P ϭ 0.89). However, there was a within-group effect with females treated with three injections of 1, 5, or 20 g OT spending significantly more time in the cage containing the partner compared with time spent in the cage containing the stranger (paired t: t ϭ 2.86, df ϭ 7, P Ͻ 0.05; t ϭ 3.35, df ϭ 7, P Ͻ 0.05; t ϭ 3.20, df ϭ 7, P Ͻ 0.05, respectively). There was a treatment effect on social contact, as there was a significant difference in the amount of time spent in physical contact with the partner (ANOVA: F ϭ 4.0, df ϭ 6, P Ͻ 0.005). Females receiving three injections of 1, 5, or 20 g OT spent significantly more time in contact with their partner than saline-treated females (Fisherϭs PLSD: critical difference ϭ 25.54, X diff1 ϭ 32.05; X diff5 ϭ 50.2; X diff20 ϭ 27.26; P Ͻ 0.05). These females also showed a significant preference for physical contact with the familiar partner versus the stranger (paired t: t ϭ 2.54, df ϭ 7, P Ͻ 0.05; t ϭ 6.53, df ϭ 7, P Ͻ 0.05; t ϭ 3.99, df ϭ 6, P Ͻ 0.05, respectively). In contrast, saline-treated control females were equally likely to interact with either the familiar or the unfamiliar male (Fig. 1a) . Females that received a single peripheral dose of 20 g OT (either 1 or 5 h before testing) or three injections of the lowest dose of OT (0.1 g) did not show a different preference pattern and were similar to females injected with vehicle (Figs. 1a and 1c.) . Side-by-side contact appeared to be maximized in females receiving three 5-g injections, as these females spent more than a third of the total test in direct side-by-side contact with their partner. The most dramatic effects of OT on partner preferences were seen in the group receiving three 20-g injections; these females spent an average of less than 30 s in side-byside contact with the stranger, with 50% of the females spending no time in contact with the stranger. In   FIG. 1 . Social preferences as a function of peripheral (sc) injections with saline or OT (0.1-20 mg) administered at three times (ϫ3) or as a single injection (ϫ1) and isotonic saline on the mean (ϮSEM) time spent in the cage of the partner or stranger (1a, 1b) and the mean time spent in side-by-side contact with the partner and the stranger (1c, 1d). n ϭ 8 per treatment. Bracket, significant within-treatment difference (P Ͻ 0.05).
males, peripheral OT, even when given at dose levels that were highly effective in females, had no apparent effect on social contact or partner preferences (Figs. 1b  and 1d ).
Experiment 2
Experiment 2 was designed to study the effects of central or peripheral treatment with an OT antagonist (OTA) on subsequent behavioral responses to peripheral OT.
This experiment examined the capacity of peripheral or central OTA to block the effects of peripherally pulsed OT in female prairie voles. Males were not tested because of their lack of response to peripheral OT in Experiment 1. Experiment 2 followed the pro- ICV-treated animals were prefitted with a 26-gauge stainless-steel cannula (Plastics One, Roanoke, VA) placed in the lateral cerebral ventricle. Females were anesthetized using a combination of ketamine and xylazine. Under sterile conditions, the surface of the skull then was exposed and a small hole drilled. The cannula was inserted stereotaxically and fixed to the cranium with dental acrylic. Animals were given a day to recover prior to hormone treatment and testing.
On the morning of a test females received a single injection of either peripheral OTA 30 min prior to the first OT injection, or central OTA or central CSF 15 min prior to the first OT injection. Following OTA or CSF treatment each female received three peripheral injections, as described in Experiment 1, of 5 g of OT. Females then were allowed to cohabit with a male for 1 h and subsequently tested for social behavior and partner preferences as described above.
RESULTS
There was a significant effect associated with the administration of OTA (ANOVA F ϭ 6.03, df ϭ 3, P Ͻ 0.005). There was no significant difference between the peripherally treated saline group and females receiving peripheral OT in combination with either central or peripheral OTA, indicating that both peripheral and central administered OTA block the formation of partner preferences (Fig. 2) . The cannulation procedures did not prevent the OT-facilitated formation of partner preference as cannulated females that were treated with CSF prior to peripheral OT spent significantly more time in side-by-side contact with the partner than the saline-treated controls or females receiving peripheral or ICV OTA (Fisher's PLSD crit diff ϭ 23.71, X diff ϭ 33.57, X diff ϭ 41.32, X diff ϭ 43.12, P Ͻ 0.01, respectively).
DISCUSSION
Peripheral pulses of OT facilitated the onset of partner preferences in female, but not in male, prairie voles. Females receiving a single large dose of OT did not show a partner preference and did not differ from controls in the amount of time in side-by-side contact with their partner. The concentration of OT in the single dose (20 g) was almost seven times more than the total received from three injections of 1 g and greater than the total of 15 g administered in the 5 g ϫ 3 group. These results suggest that repeated injections of peripheral OT, rather than the concentration used, accounted for the observed behavioral changes. Additionally, peripheral oxytocin appears to mimic the effects of natural cohabitation, as the amount of time spent in side-by-side contact with the partner was similar to that reported (70 min) for untreated females that were cohabitated with a male for 24 h (Williams et al., 1992) . These results also support the increasing body of evidence that many of the effects of OT are enhanced or only occur if delivered in pulses (Leng and Brown, 1997) .
In rats the effects of OT are linked to steroids, especially estrogen, which up-regulates OT receptors (Johnson, Coirini, Ball, and McEwen, 1989; Larcher, Neculcea, Breton, Arslan, Rozen, Russo, and Zingg, 1995; Soloff, Fernstrom, Periyasamy, Soloff, Baldwin, and Wieder, 1983) . However, there is no indication that steroids play a role in the effects of OT in prairie voles. Unlike rats, estrogen does not up-regulate OT receptors, with the exception of the anterior olfactory nucleus, within the brain of prairie voles (Witt, Carter, and Insel, 1991) . In fact, in prairie voles OT appears to facilitate the effects of estrogen (Cushing and Carter, 1999) . While peripheral pulses of OT did increase the probability that a female would mate there was no effect on the latency to mate, which averaged 38 h; this suggests that while OT enhanced the effects of estrogen it did not stimulate the production of estrogens. Prairie voles do not undergo a spontaneous estrous cycle, and prior to male exposure have very low levels of endogenous estrogen (Cohen-Parsons and Carter, 1987; Cushing, Marhenke, and McClure, 1995) . Exposure to a novel male stimulates a cascade of events that leads to the production of ovarian estrogens (Dluzen, Ramirez, Carter, and Getz, 1981; Carter, Witt, Schneider, Harris, and Volkening, 1987; Carter, Witt, Manock, Adams, Bahr, and Carlstead, 1989) , which takes about 18 h (Cohen-Parsons and . The time frame of exposure to males was insufficient to raise estrogen levels above baseline. Finally, females were not sexually receptive, no mating or even attempted mounts were observed. To avoid extra manipulations and because endogenous estrogen levels should have been low in all females regardless of treatment, we did not gonadectomize females in this study. In addition, we have found in earlier work that exogenous OT facilitates social behavior in gonadectomized females (Cho et al., 1999) .
A single injection of OT (20 g), given either 1 or 5 h prior to male cohabitation, did not facilitate the formation of a partner preference. In another comparable study of the effects of centrally administered (ICV) OT, a single infusion (100 ng) given approximately 1 h prior to cohabitation was highly effective in facilitating pair bonding (Cho et al., 1999) . These results further support the idea that it is the mode of administration, rather than the time of the injections, that accounts for the behavioral differences between groups receiving single versus repeated injections.
While centrally delivered OT is clearly acting by binding directly to receptors within the CNS, peripheral pulses of OT could influence behavior either by directly binding to OTR in the CNS or through peripheral mechanisms. It has been suggested, for other species, that only about 0.2% of peripheral OT crosses the blood-brain barrier (Ermisch et al., 1985; Kendrick et al., 1986; Englemann et al., 1996) . In parallel studies of the behavioral effects of OT given ICV, doses of 10 ng of OT did not facilitate social behavior, although a single central treatment with 100 ng OT was effective in increasing partner preferences (Cho et al., 1999) . Based upon the results from these studies of OT, it is likely that the amount crossing the blood-brain barrier following peripheral OT treatments would have been significantly less than that which was required when delivered ICV. Based upon the results from these studies of OT, it is likely that the amount crossing the blood-brain barrier following peripheral OT treatments would have been significantly less than that which was required when delivered ICV; therefore, we hypothesize that in the present study peripheral OT was not acting by directly binding to receptors within the CNS. In addition, in the current study males did not respond to peripherally injected OT, although previous research using this paradigm had shown that males are at least as sensitive as females to ICV-injected OT (Cho et al., 1999) . Also, the patterns of OTR distribution within the brain are similar in males and females (Insel and Shapiro, 1992) . Despite these considerations we cannot exclude the possibility that sex differences exist in the blood-brain barrier and/or that small repeated amounts crossing the barrier were sufficient to influence behavior in females but not in males. If this were the case it still indicates a significant difference in the response of males and females to peripheral OT. These results support the more general hypothesis that during periods when endogenous pulses of OT are released, such as stimulation of the cervix during sex behavior, labor, or nursing, peripheral OT can influence subsequent female behavior.
While the formation of partner preferences in response to OT must ultimately involve the CNS, this response could be mediated by afferent feedback from systemic organs, such as the uterus and cervix. The observed sex difference in response to peripheral OT and the fact that peripherally administered OTA blocked the formation of partner preferences may support this concept. Research in rats has shown that the effects of peripheral OT on female sexual receptivity can be blocked by removal of the uterus or by severing its afferent connections to the CNS (Moody et al., 1994) . The possibility that peripheral OT may influence affiliative behaviors through effects on the uterus or cervix could help to explain an earlier finding that mating facilitates the onset of partner preferences in female prairie voles (Williams et al., 1992) . Stimulation of peripheral tissues may be involved in a number of important social activities such as the formation of bonds during mating and maternal/infant bonds. Sexual receptivity is stimulated by an increase in estradiol, which up-regulates OTR (Caldwell, Walker, Pedersen, Barakat, and Mason, 1994) , potentially increasing the effect of OT on the uterus. In turn systemic effects of OT could then feed back to stimulate social behavior, thus increasing the female's willingness to interact with a male partner and eventually successfully mate. However, OTA when administered ICV or peripherally also effectively blocked the effects of peripheral OT. It is impossible to exclude the possibility that OTA, given by either means, was reaching both peripheral and central tissues. However, the inhibitory effects of OTA support the hypothesis that both peripheral and central tissues play a role in the behavioral actions of OT. Finally, the sex difference observed in this study may be due to the presence in females, but not males, of OT-sensitive uterine-cervical tissue. Experiments examining the role of peripheral tissues in these behaviors are in progress.
In conclusion the results from this study lend support to the growing body of evidence that the effects of OT are increased if received in pulses or bursts (Leng and Brown, 1997) . During nursing or milk let down from the mammary glands, pulses of OT stimulate the contraction of smooth muscles resulting in the delivery of milk, while chronic OT results in desensitization of OTR in the mammary glands (Leng and Brown, 1997) . Uterine contractions are enhanced by the pulsatile administration of OT during labor, and much higher doses must be used if delivered continuously (Dawood, 1995) . The physical response of smooth muscles to pulses of OT, along with the apparent social facilitation in this study, indicates not only that a neural bursting pattern of activation is the optimal signal for the release of OT (Bicknell, 1988) but also that the receptor cells are designed to respond to bursts or pulses of OT.
